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Abstract 
The evolution of the grain boundary groove in a bicrystalline ice sample was studied in 
this work. The groove is formed by the intersection of the grain boundary with the free 
surface. The bicrystalline ice sample had an arbitrary misorientation and was immersed 
in ultra-pure silicone oil at -5°C in order to avoid evaporation processes. Photographs of 
the groove were taken every 17 minutes for 100 hours with an optical microscope and 
the evolution of the groove was determined from these images. Through this study, it 
was possible to measure the coefficient of surface self-diffusion of the ice at -5°C. 
 





Introduction     
 
     Human activities have already changed 
the chemical composition of the natural at-
mosphere even in the most remote regions 
of the world. The study of solid and accu-
mulated precipitation in the polar ice caps 
over the last few hundred thousand years 
provides a unique tool to obtain informa-
tion about the composition of the pre-indus-
trial atmosphere and its natural variability 
in the past (Alley et al. 1993, Barrie 1986). 
     The ice in polar caps or glaciers has an 
hexagonal crystalline structure called Ih 
(ice hexagonal) and its surface structure 
depends on the crystalline orientation and 
thermodynamic variables such as tempera-
ture and pressure (Brumberg et al. 2017, 
Wehinger et al. 2014, Fukazawa and Mae 
2000). 
     The study of the surface properties of 
ice at temperatures near the melting point 
provides relevant information on transport 
processes of atmospheric pollutants that are 
of interest in atmospheric physics and gla-
ciology (Dibb 1992, Dibb et al. 1992, Dibb 
and Whitlow 1996).  
     Dibb et al. (1992) found concentrations 
of 7Be, 210Pb and major ions in aerosol and 
snow samples collected in GISP2 (Green-
land Ice Sheet Project 2) in the summers of 
1989 and 1990. Dibb and Whitlow (1996) 
also demonstrated the connection between 
air pollutants on snow and polar ice. Cli-
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mate change and the increase in green-
house gases can be studied with the com-
position of the air stored in polar ice bub-
bles for thousands of years (Alley et al. 
2003). The bubbles are mostly located at 
the grain boundaries (GB) of the polar ice 
(Weiss et al. 2002, Durand et al. 2006, 
Fegyveresi et al. 2011, Azuma et. al. 2012, 
Faria et al. 2014). Liquid veins also form 
in the GB and triple grain bonds when they 
have a high concentration of impurities; 
and these can produce variations in the de-
termination of the constituents of the past 
atmosphere (Rempel et al. 2001). The move-
ment of contaminants, gases and impuri-
ties in bubbles or liquid veins involves 
transport mechanisms on the surface of the 
ice. 
     Surface self-diffusion (the transport of 
water molecules over the ice) is a phe-
nomenon of interest that occurs on the ice 
surface, and which can be studied through 
the temporal evolution of the groove of the 
grain boundary (GB). The GB groove can 
be formed by mechanisms such as: evapo-
ration-condensation, surface self-diffusion 
(Mullins 1957), volumetric diffusion or 
gaseous diffusion Mullins (1960).  
     Mullins (1957) studied the GB groove 
and evaporation-condensation and surface 
self-diffusion effects were considered. This 
method can be generally applied to many 
materials and, in this case, we applied it  
on pure ice. If the surface of ice in contact 
with a gaseous phase and the ice surface 
energy is considered isotropic, the groove 
shape has a characteristic shape only con-




Fig. 1. Shape of the groove formed under surface self-diffusion mechanism (modified from Stoler 
et al. 2019).  
 
 
     By symmetry, the shape of the groove to the right and left of the GB is the same and 
both surfaces form an angle θ. Mullins (1957) determined that the semi-width a and the 
depth of the groove p evolve as follows: 
 
                            Eqn. 1 
 
                                 Eqn. 2 
 
where m is the tangent of the θ angle, B is a parameter that has the following relation to 
the surface self-diffusion coefficient Ds: 
                              Eqn. 3 
 
 
where Ω is the atomic volume, γ is the surface energy per unit area, υ is the number of 
atoms per unit area, k is Boltzman's constant and T is the temperature in kelvin. 
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     Recently, Style and Worster (2005) pre-
sented a quasi-liquid layer model to de-
scribe the surface of ice in contact with a 
gaseous phase, and proposed a new mass 
transport mechanism on the ice surface. 
The evolution of a BG groove is theoreti-
cally described in an environment with a 
high vapor pressure by an equation similar 
to equation (1) (Mullins 1957). However, 
they reported a different functional form 
for the mass transport coefficient B, which 
depends on the melting temperature and 
other quantities such as a coefficient of 
viscosity. Although the model proposed by 
Style and Worster (2005) to describe the 
quasi-liquid layer is not restricted only to 
situations where the ice surface is in con-
tact with a gaseous medium, they consider 
only the presence of air in their work. 
Fig. 2. a) Ice sample on the cold microtome; 
b) Ice sample immersed in silicon oil inside 
the hermetic cell; c) Experimental set-up (mi-
croscope with digital camera controlled by 
computer and cold cell thermostatically con-
trolled by the circulating bath).  
a b 
c 




     In this work, the evolution of the BG 
groove of an ice bicrystal covered with 
silicone oil is reported and the quasi-liquid 
layer model proposed by Style and Worster 
(2005) was applied. 
 
 
Material and Methods 
 
     Experiments were carried out in ice bi-
crystalline samples prepared according to 
the method proposed by Nasello et al. 
(2007). The surface sample was polished 
using a microtome LEICA® model: 1320 
(Fig. 2a) and immediately immersed in a 
transparent acrylic cell with silicone oil. 
The cell was sealed to prevent evaporation 
or gaseous diffusion as shown in Fig. 2b.  
     The cell with the bicrystalline sample 
was placed in a temperature-controlled 
box, which was placed on a microscope 
stage. The box was arranged to keep the 
cell temperature at -5°C. For this purpose, 
ethylene glycol was pumped through the 
double wall of the box by Heto® 13 DT-1 
pump in Heto® CB-8-30E cooling system. 
The evolution of the groove was studied 
for 100 hours, taking photographs with a 
digital camera attached to the microscope 
(Leica M420 Macroscope Macro Zoom 
WILD 246634), and storing data/images 
automatically using an Astra Image web-
cam®. Photographs of the groove were 
taken every 17 min. 
     Fig. 3a shows the GB groove after 50 h. 
Using ImageJ®, the grey tone profile of 
the photo was plotted on the area shown. 
The result of image analysis is shown in 
Fig. 3b. The groove can be distinguished 
as the central peak. The half-width of the 
groove was identified with  the half-width 
of that peak, that is, half the distance be-
tween the adjacent minima points to the 
central peak. Using a micrometric scale a 
pixel-μm conversion was made. This anal-
ysis was made for each photo obtained and 





























Fig. 3. a) Groove micrography after 50 h; b) Grey tone intensity over the groove zone taken with 
ImajeJ®. 
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Results and Discussion 
 
     Half-width ae as a function of time is shown in Fig. 4a. It can be seen that ae grows 
over time but its growth rate decreases. The curve given by ae  follows equation (4): 
 
                                                 Eqn. 4 
 
 
where ae1 is the half-width observed at time t1. We can see that the experimental data are 
better adjusted in the initial stage by equation 4 than in the final stage of the experiment. 
We also notice that the experimental data obtained from the grey profile have greater 
dispersion when the GB groove becomes wider. This dispersion is associated with the 
difficulty to determine the half-width at long times. There is a notable tendency to equa-
tion (4) by the initial experimental data, but the difficulty observed in determining the 
half-width at long times produces a visible dispersion at long times. To analyze the ex-
perimental data in a different way and verify that they have a similar behavior to the one 
described by equation (4), we plotted   vs as shown in Fig. 4b. The be-
havior of the results was described by the linear relationship shown below: 
 
                    Eqn. 5 
 
 
where ae0 and te0 are the first measured pair of values. The parameter values are: 
 
      
 
     The adjustment has a regression coefficient R2 = 0.80276. As it can be seen, the slope 
becomes indistinguishable for a value of 1/4. It agrees with what is observed in Fig. 4a. 
These results suggest that the association of the grey profile with the GB groove            
is reasonable and that the process by which the groove evolves could be surface self-
diffusion. 
     To complete the association, the value of parameter B was identified in the linear 
adjustment, which appears in equation (1). Equation (5) was rewritten for this purpose: 
 
                             Eqn. 6 
 
 
Parameter B is given by:   
 
From the data, was obtained. 
 
     With this value and using equation (3), a value for the surface self-diffusion coef-
ficient DS = (3 ± 1)10–9 m2 s–1 was calculated using the physical parameters reported in 
the appendix. This value for Ds is comparable to that reported by Nasello and Di Prinzio 
(2011), who used a very similar method. These authors determined the surface self-
diffusion coefficient by measuring m and using the time in which the groove reached a 
width of approximately 10 equation (3). Although they do not register the evolution of 
the groove, they found a value of 2.1 10–9 m2 s–1. 
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Fig. 4. a) temporal evolution of the half-width ae, the red line corresponds to the fitting given in 
equation (4); b) red line logarithmic fitting described in equation (5). Based on data reported in 
Stoler et al. 2019). 
 
 
     As it can also be seen, the value of trans-
port coefficient B is of the same order as 
that reported by Style and Woster (2005) It 
should be noted that they estimated the 
value considering the sample in contact 
with air and at a temperature of -1°C. The 
value of B obtained by Style and Woster 
(2005) at T= -1°C was related to a solid-
water-vapor interface. The authors present 
a Hamaker constant that was obtained 
from a theoretical paper by Wettlaufer and 
Worster (1995). However, in our experi-
ment, the interface was ice-water-silicone 
oil. Gu (2001) measured experimentally  
the interface energy of water-silicone oil 
and the Hamaker constant corresponding 
a 
b 
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to a glass-water-silicone oil interface. The 
Hamaker constant for our experiment is 
consistently similar to the experimental 
constant obtained by Gu (2001). In gen-
eral, the physical parameters do not vary 
with temperature (Ambler et al. 2017, Hal-
lett 1963), so the dependence of B on 
temperature is as consequence of the ex-
plicit temperature dependence. We obtain 
B = (1,2 ± 0,5)10–26 m4 s–1, if we use the 
interface energy and Hamaker constant by 
Gu (2001) and T = -5°C. This value is 
similar to the value B obtained in this ex-
perimental work.  
     In this paper, development of a new 
method to study the formation of the GB 
groove and identify the physical mecha-
nism that produces it. Mullins (1957) deter-
mined that in the case that the sample suf-
fered evaporation-condensation, the width 
behaves following an equation similar to 
equation (1) but with an exponent of ½, 
and in another work (Mullins 1960), the 
same author determined that the exponent 
by volumetric diffusion (Style and Worster 
2005) was 1/3. Robertson (1981), presented 
the evolution of the width groove by dif-
ferent transport mechanisms and each one 
responded to a law similar to that given by 
equation (1) but with different exponents. 
In this work, the ice sample was placed    
in ultrapure silicone oil in order to avoid 
evaporation-condensation and the domi-
nant transport mechanism was surface self-
diffusion. As it can be seen, the evolution 
of the groove width is consistent with the 
presence of a quasi-liquid layer at the sil-
icon-ice interface. However, the sample 
can be studied in other physical conditions 
and thus be able to identify the transport 
process by simple exponent analysis. In our 
experiment, the bicrystal misorientation 
was not determined but we must clarify 
that the surface self-diffusion coefficient 
could depend on this variable. Therefore, 
the experimental method developed in this 
work would allow us to study the surface 
self-diffusion coefficient of ice at different 
temperatures (between -2°C and -15°C ac-
cording to our experimental setup) with dif-
ferent conditions of impurities, and also 
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k= 1.38 10-23J/oK 
=109 10-3J/m2 
 
